Introduction
The flavodoxins are a group of small proteins found in micro-organisms and eukaryotic algae that function to transfer electrons at low redox potential between other redox proteins in reactions such as nitrogen fixation and the photosynthetic reduction of NADP' [ 1-41. They contain a single molecule of FMN bound strongly but non-covalently to the protein. The flavin is reduced in two one-electron steps, first to the neutral semiquinone and then to the hydroquinone anion.
FMN+le-+H+-FMNH' FMNH' + le--FMNH-
The redox potential of the first step is usually less negative than the corresponding potential of protein-free FMN ( -50 mV to about -230 mV at pH 7, depending on the protein, compared with -238 mV [5] for free FMN). In contrast, the potential of the second step is in all cases much more negative than the semiquinone/ hydroquinone potential of free FMN ( -320 mV to -518 mV for the proteins versus -172 mV [5] for FMN). These observations prompted the conclusion that flavodoxins function in lowpotential reactions by cycling between the semiquinone and hydroquinone and therefore that they operate as one-electron carriers [6] . The shifts in redox potential show that, depending on the flavodoxin, the flavin semiquinone is bound up to about 300 times more strongly than the oxidized form of FMN, and about 35 000 times more strongly than the hydroquinone (Table 1) . Recent work on flavodoxins has tried to elucidate the forces that stabilize the FMN semiquinone and destabilize the hydroquinone and which cause the shifts in the flavin redox potentials. It is likely that similar forces regulate the potentials Crystal and solutions structures for several flavodoxins show that the protein fold consists of a central parallel sheet of five strands surrounded by four or five a-helices [l-41. The FMN is bound with the ribityl phosphate buried in the protein, and with the isoalloxazine structure near to the surface but sandwiched by hydrophobic residues. However, there is considerable variation in the protein structure around the FMN in the different flavodoxins. Comparison of the structures of a flavodoxin with the FMN in each of its three redox states suggests flavin-protein interactions that might be involved in the regulation of the redox potentials, and provides a basis for investigating the effects of changing these interactions by site-specific mutagenesis. The most extensive study of this kind has been carried out with flavodoxin from Desulphovibrio vulgaris, for which two different clones of the gene are available [16, 17] . Similar work has been reported with Anacystis nidulans flavodoxin [18] and with a synthetic gene for Clostridium beijerinckii MP flavodoxin [ 191. Mutant protein is also becoming available for flavodoxin from Megasphaera elsdenii, one of the better biochemically characterized of this group of proteins [20, 21] . Structures have been determined for some of the mutant flavodoxins in at least one of their redox states [ 18, 19, . This paper outlines the properties of site-specific mutants of D. vulgaris flavodoxin designed to test various ideas about the way in which the redox potentials are regulated.
Mutants of D. vulgaris flavodoxin

Glycine 61
The protein near to the flavin changes conformation when an electron and a proton is added to flavodoxins to form the semiquinone. A new hydrogen bond forms to the flavin, connecting N(5)H to a backbone carbonyl. It has been suggested that this new bond helps to stabilize the semiquinone and to raise the pK of N(5)H from Wild-type* pK 8.5 in free FMNH' (to > 13 in Megasphaera elsdenii flavodoxin [26] ). With the exception of A.
nidulans flavodoxin, the hydrogen bond remains when the flavodoxins are reduced from the semiquinone to the hydroquinoine [4]. The backbone carbonyl is provided by glycine residues in flavodoxins from C. beijerinckii, M. elsdenii and D. vulgaris but by an asparagine in A. nidulans flavodoxin. The semiquinone of A. nidulans flavodoxin is less stable than the semiquinones of the other proteins, and it has been suggested that the bulky side chain of the asparagine might hinder the conformational change, and thus decrease the affinity of the apoprotein for the flavin semiquinone [27] . Support for this idea came from experiments in which glycine 61 of D.
vulgaris flavodoxin was replaced by asparagine [29] . All three redox states of FMN are bound more weakly by the mutant, but the greatest effect is seen with the semiquinone (Table 1) .
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Additional mutants (G-61A, G-61V and G-61L), made to assess the effects of changing the length of the side chain at position 61, were also found to bind the three redox forms of FMN less tightly than the wild-type protein, and again the effect is greatest for the semiquinone [lo]. Crystal structures have been determined for the oxidized forms of two of these mutants (G-61V and G-61L), and these show that, although their overall structures are very similar to that of the wild-type protein, large changes occur in the orientation of the loop between residues 60 and 64 [25] . T h e distance between the carbonyl oxygen of residue 61 and N(5) does not change much (4.6 5.2 A and 5.3 A for wild-type, G-61A and G-61V respectively) but the orientation of the carbonyl group to the flavin is quite different. T h e mutants stabilize the semiquinone in its neutral form, and therefore it seems likely that a hydrogen bond is formed to N(5)H of the reduced flavin. Given the differences between the structures of the oxidized mutants and the wild-type protein, it is clear that the structural changes on reduction must be different for the mutants. Much smaller changes occur when the corresponding glycine of C. beijerinckii flavodoxin is mutated to alanine, aspartate, asparagine or threonine [19, 28] ; the mutation that has the largest effect on the potential of the oxidized/ semiquinone couple, G-57T, is the only one to show appreciable structural differences from the wild-type protein [ 191.
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Tyrosine-98 and tryptophan-60
The isoalloxazine of flavodoxins is positioned between the side chains of two hydrophobic amino acids, but the identity of these residues varies. Flavodoxins from Desulphovibrio spp., A. nidulans, Anabaena variabilis and Chondrus crispus have a tyrosine adjacent to the face of the flavin nearer the solvent and a tryptophan flanking the inner face. In contrast, the corresponding residues on the outer and inner faces of the (Table 1) . T h e most dramatic effect of this mutation is to cause the appearance of a new absorbance band in the spectrum of the oxidized protein that extends to 700 nm. This has been attributed to charge transfer from the indole ring to the flavin [8] . Replacing tyrosine with serine [lo] or alanine [8] causes large shifts in the potential for the semiquinonelhydroquinone couple but much smaller changes in the oxidizedsemiquinone couple. T h e large effect on the potential of the second step of reduction may reflect an increase in the polarity of the flavin environment and a resulting decrease in the electrostatic repulsion between the negatively charged FMN hydroquinone and negative charge elsewhere in the protein (see below). NMR measurements on the oxidized forms of some of the Y-98 mutants [24] shows that the overall structure around the flavin differs very little from the structures of the wild-type protein.
Replacement of the inner aromatic residue with alanine in the mutant W-60A also has a large effect on the K , values and the redox potentials [lo] . In contrast, the effects of substitution with an aliphatic hydrophobic amino acid, methionine, are much smaller (Table 1) 
Aspartate-95 and aspartate-I 2 7
T h e structures of flavodoxins from D. vulgaris, C, beijerinckii and M. elsdenii change very little when a second electron is added to the semiquinone to form the hydroquinone, so that the large change in the affinity of the protein for the two-electron reduced flavin cannot be ascribed to differences in conformation. NMR measurements have indicated that the flavin hydro- Volume 24 quinone is bound as the anion with negative charge at N ( l ) , and that this position remains unprotonated even at pH values below the p K of 6.7 that occurs in protein-free flavin hydroquinone [S]. Ludwig et al. [26] have provided evidence from X-ray crystallography and the properties of the protein complex with l-deaza-FMN that protonation at N ( l ) is sterically restricted in C. beijerinckii flavodoxin (and by inference in M. elsdenii flavodoxin). It has been suggested that the hydroquinone is destabilized as the result of charge repulsion between N(l) of the isoalloxazine and charged groups elsewhere in the protein, either the uncompensated negative charges on the riboflavin phosphate dianion [33] or nearby negatively charged amino acid side chains. Such interactions might be enhanced by the apolar nature of the binding site [26] .
T h e side chain of aspartate-95 provides the closest negative charge to the flavin N ( l ) of D. [14] replaced six glutamate and aspartate residues near the flavin and on the surface of the protein (including aspartate-95 but excluding aspartate-127) with glutamine and asparagine respectively. The redox potentials of the mutant proteins with between one and six of the negative charges removed suggested that deletion of each negative charge causes the sq/hq redox potential to become on average less negative by 15 mV. Aspartate-95 was found to be an exception to this rule [ 141, implying that it may have a special role in regulating the redox potential.
pH-dependent changes associated with the hydroquinone
T h e potential of the sq/hq couple of flavodoxins is independent of pH at high pH, but it becomes pH dependent as the pH is decreased, indicating that a redox-linked p K is associated with the hydroquinone (pK 6.8 for D. vulgaris flavodoxin [7] , for example, but at p K 5.7 for M. elsdenii flavodoxin [6]). These pH dependent changes were initially ascribed to N ( l ) of the flavin because free FMN hydroquinone has a p K at 6.7 [6] . Subsequent NMR measurements showed that N(l) of the flavin in the protein does not protonate at pH values less than the redox-linked pK, implying that the FMN p K must be shifted to an even smaller value. The redox-linked p K was therefore attributed to a nearby group on the protein, possibly glutamate 60 in M. elsdenii flavodoxin and glutamate-59 in C. beijerinckii flavodoxin [26] . It is clear that mutants of D.
vulgaris flavodoxin which lack the negative charges nearest to N ( l ) in the wild-type protein still show a redox-linked pK, as do most of the other mutants for which pH effects have been investigated (Table 1 ). This may mean that the redox-linked p K of the wild-type protein is not associated with the carboxylates of either aspartate-95 or aspartate-127. Alternatively, one of these two groups may be responsible for the p K in the wild-type protein, but removal of the charged group by mutation causes the p K of N( 1) of the flavin to increase to a value closer to the p K of free FMN hydroquinone. It will be interesting to use the recently cloned gene for M. elsdenii flavodoxin [20] to determine the effects of removing the charged group at position 60 in the amino acid sequence, the group proposed for the redox-linked p K at 5.8 in this protein [26] . The mutant D. vulgaris flavodoxin in which tyrosine-98 was replaced by histidine shows a redoxlinked pK, attributed to the imidazole of the histidine residue, whose value varies with the redox state of the flavin [8] ; the corresponding mutant with arginine lacks a redox-linked p K The optical spectrum of the hydroquinone of free FMN changes in accordance with the p K at 6.7 [34] . It has been reported that the optical spectrum of the hydroquinone of M, elsdenii flavodoxin is essentially unchanged in the pH range 4.6-8.5 [26] , supporting the NMR measurements with this protein that indicate a shift to a smaller value of the N(l) pK. In contrast, we have observed that the UV-VIS spectrum of the hydroquinone of wild-type flavodoxin from D. vulgaris and of the aspartate-95 and aspartate-127 mutants changes with pH in a way quite similar to that associated with the p K of free FMN [11, 35] 
